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I.   .NTBODUCTjON 

The studv of setgQiic detector sensitivity has been in progress at RCA Laboratofies 

under eostract ÄF4i{688)-l080 sine© 15 Juru- 1961, Ths» original fififfen month contfact period 

has suhsequenlly been extended for two additional twelve month periods. 

The goai which was originally stated for the project was "to determine those factors 

which liniit the sensstiviiy nf seismic deteeüirs and to estimate the maximum oblainable sensi- 

Hvity with techniques available in the foreseeable future as a function of the required frequency 

range, limitations imposed upon the size and weight of the mass, the environment     coriditions 

under which the instrument must work and any other parametors which are found to be sigfiifloant, 

corroborating these findings wherever possible by experiment." 

Five semiannual reports have been issued m the course of thin work plus a Technical 

Siimmary Report issued at the end of the first fifteen months. The more is r ^rtant results from 

these reports ate summarized in Section II of this final report. 

!n Section III, noise spectrum measurements are presented for several amplifiers, in- 

eluding the United Electrodynaniics GA-230 galvanometer amplifier, the El«ctrotech SPA-1-1 

solid state amplifier and a solid state amplifier obtained from rhe Weston Observatory, The 

noise spectrum curves from several amplifiers tested earlier are presented in a form somewhat 

different from the earlier presentations is order to permit easier comparisons among them. 

In Section IVr the practical problem of choosing the transducer parameters of the seis- 

mometer in order to optimize the signal to no.se ratio when driving a given amp'ifier is dis- 

cussed and general guidelines are presented. 

In Section V signal to noise figures including both thermal noise and amplifier noise, 

are presented for several seismometer-amplifier combinations including the Johnson-Matheson 

Vertical seismometer and the Hall-Sears HS-10-1 seismometer and the Texas Instruments RA-1 

amplifier, the Electrotech SPA-l-L the Gooteeh GPTA and th« UED GA-220 amplifier. 

In Section VI further discussion of the "il«t0CtftbilHy,! criterion for signals In the 

presence of noise of various bandwidtha is presented. Examples of the detectability of sinusoidal 

bursts of varying lengths are shown and the effective bandwidth of the eye as a filter of visuel 

records is estimated. 

'-ii*-S- ■        • 



II.   SUMMARY OF WORK TO DATE 

It is weil known among those who are engaged In resetfch of any type that knowledge is 

seldom gained in the logical and orderly manner in which it is presented in textbooks. It is often 

more interesting and instructive to follow ine actual course of a learning process than an "ad 

hoc" idealization of the most straightforward procedure. Therefor«», this summary of the past 

work of this contract is prosented in a more or less chronological order with some indication of 

the motivation for various phases of the work given wherever possible. 

A. THE BA2C ANALYTICAL APPROACH 

The fundamental and unavoidable limitations to sensitivity of seismic detectors appear 

to be the thermal noise of the nechanical and electrical elements of the seismometer and trans- 

ducer and the noise of the amplifier, inherent in the active internal processes which provide the 

amplification. From the outset the basic analytical approach has been to evaluate sensitivity in 

terms of the ratio of electncai signal voltages and noise voltage spectra appearing at the input 

terminals of the amplifier. This procedure required that the mechanical elemonts of the seis- 

mometer, i.e., the menial mass, the spring, and the mechanical losses, be represented by the 

analogous electrical components and circuits which appear to be present when viewed from the 

electrical terminals of the transducer. The thermal noise voltage spectrum appearing at the 

amplifier input terminals co? !d then be calculated conveniently by means of the familiar Nyquist 

noise relations. 

The validity of calculating the thermal noise of mechanical configurations by analysis 

of the analogous electrical circuit has been established by C  J. Byrne' from general thermo- 

dynamic considerations, and in Semiannual Tecnnical Summary No. 3 of this contract by deriving 

the spectral density functions for thermal noise forces and velocities in mechanical configurations 

from the motion of the molecules of the damping medium. 

In the very early work under this contract, following the lead of Wolf,   most of the atten- 

tion was focussed on the ihermal noise limitation. Using the technique outlined above. Wolf's 

analysis was generalized to permit consideration of damping other than critical and the improve- 

ment of signal to noise ratios by the use of suitable band limiting filters. Several other methods 

of improving signal to thermal noise ratio and thereby reducing the required minimum inertial 

mass w^re considered. 

C. J. Byrne, "Inatnifflfeat Noise sr. Seismometers" Buli. Seis< Soc. Am., Vol. 51, No. 1, January 1961. 

'Alfred Wolf. "The Li&titiBg Sensitivuy of Seisro'c Detectors, Geophysics, Vol. VII, No. 2, April !942. 



B.  REFRIGERATION OF AN EXTESHAL DAMPING RESISTANCE 

One of the means considered for reducing the therffiäl noise was that of refrigeraUng an 

external electfical damping resistance. An analysis of the effect of such refrigeration on the 

thermal noise spectrum of a seismometer was presented in Semiannuai Tecunical Summary No. 2 

and subsequently expanded in the Technical Summarj' Report issued at the end of the first 15 

month contract period, 

This analysis, which considered only the moving coil type of vetocity transducer, showed 

that temperatures lower than that of liquid nitrogen would be required to achieve a detectable 

reduction in thermal noise for transducers of typical efficiency.3 

All of the analysis of thermal noise performed in the course of this contfact has assumed 

a moving coil or moving magnet transducer. This type of transducer was chosen because it lends 

itself conveniently to analysis, becauseof its simplicity of construction and large dynamic range, 

and the fact that it has been used successfully sn a great many high sensitivity instruments. 

Although discussion of the basic theory of operation of several types of capacitor transducers 

was presented in semiannual report No. 2 along with some rudimentary attempts to estimate 

sensitivity limits, nothing further has been done with displacement transducers. 

C INITIAL WORK OH FEEO&ACK 

Some attention was also given in the original proposal and early reports to the possibUity 

of improving the signal to thermal noise ratio of the system by means of feedback around a two- 

terminal external damping resistor to reduce its effective noise temperature. The feasibility of 

this idea was found to hinge upon the availability of an amplifier with an inherent internal noise 

(or "excess noise") smaller than the thermal noise of its input resistance over the desired fre- 

quenc*- range. 

It was the need to find an amplifier for this feedback scheme that furnished the initial 

motivation for deve!oping equipment and techniques for measuring the noise spectra of amplifiers. 

Subsequently, as the work progressed, measurements of amplifier noise spectra made with this 

equipment made it possible to establish the nature of the sensitivity limitation imposed by the 

amplifier itself for several amplifiers frequently used with high sensitivity seismometers. 

It should be noted that the initial investigations of feedback have indicated that the degree 

of improvement which is possible W'th existing amplifiers and seismometers would be small and 

probably would not justify the additional complication involved. 

^t was in the course of this asalysi« that some of the relationships between transducer effloiftncv and the 
volumes of the magset and coil and the other paratt.elers of the system were recognized. The problem of 
öptJSiziftg tlw» efficiency of transduoefs of the moving eoll or moving magnet type was considered in much 
greater detail in Semianaual Technical Summary, No. 4, The subject of transducer design and öptimizntten 
is quit« involved, however, sod the discussion given in this report treated the problem only in sufficient 
depth to develop the relations necessary for the noise analysis. 



D. NOISE MEASURING EQUIPMENT 

Thn ampiififir noise spectrum measuring equipment has been described in considerable 

detail in the semisnnual reports and a brief desc iption should suffice at this point. 

The equipment permits the measurement of the mean «quare noise voltage in a one»third 

octave band centered at any frequ, -H-V from a^out .01 cps to 10 cps. It was recognized at the 

outset that the accurate measurement of the mean square noise in such narrow bandwidlhs would 

require that the mean square voltage be averaged over periods of 6 hours or more. In practice, 

noise recordings of approximately 18 hours have bet;! made by recording overnight. Therefore, it 

was lei! that the only way of completing a spectrum measurement in a reasonable time period 

was to record the noise on magnetic Jape at a slow speed of approximately 1/6 inch per sec. and 

DJay it back at 120 inches per sec, to compress the time scale by a factor of 750 to 1, This time 

compression converted the frequency range of the noise into the audio band where convent,onal 

audio spectrum measuring equipment could be used. To enhance the signal to noise ratio of the 

measuring equipment the noise to be measured was recorded as a frequency modulation of a 

100 cps square wave. On playback at high speed this carrier was demodulated by a discriminator 

and a true mean square value was determined by use of a vacuum thermocouple. In the course of 

the projnet a succession of improvements in this equipment have been made and its reliability 

is felt to be excellent when proper calibration procedures are followed. Noise spectrum measure- 

ments have been repeated to accuracies of 1/2 db over a period of one month« 

E. AMPLIFIER NOISE SPECTRA AND EQU'VALENT CIRCUIT REPRcSENTATIONS 

Noise spectra have been measured for a number of different amplifies including models 

typical of most amplifiers used in high sensitivity seismic detector systems. Th«1 amplifiers 

tested are (in chronological order); 

1. The Geotech Model 4300 Galvanometer Phototube Amplifier 

2. The HoneyweU Deviation Amplifier, Model 62-R-36Ü-A-B 

3. The Texas Instruments Model RA-0 Amplifier 

4    The Tnxas Instruments Model RA-2 Parametric Amplifier (two units 
were tested) 

5. The I nited Electrodynamics Model GA-220 Galvanometer Amplifier 

6. The Weston Observatory Amplifier 

7. The Eiectrotech Model SPA-] Amplifier 

An effort has been made in a later section of this report to summarize the results of 

the measurements on the more useful of these amplifiers in a manner somewhat different from 

that used in the semiannual reports in order to permit easier comparisons among them. In addition, 

signal to noise ratios of several seismometer-amplifivr combinations are presented. 



In ordef to investiegie ihn BOt&e of a stMsmiimeler-smplifier combination considering tine 

sensitivity limitation imposed by the total instrument noise, inclüdifif botli thermal noise and 

amplifier escess noise, It was desirable to represent the excess noise of the amplifi&r in terms 

of a single äquivalent noise voltage generator at the inptt of the amplifier. However, in measur- 

ing the noise spectrum of the Hunev well Deviatu?n Ainplifier it appeared that the magnitude of 

this equivalent noise voltage source was a function of the source impedance of the amplifier. 

The explanation for Ihts appeared ;a be that a component of noise generated by some internal 

nechanism of the ft^f>lifier was appearing at the input terminals and prouuc'ing a noise current 

flow ;n the »-.put circuit which was a function of source impedance. 

To obtain a satisfactory and more ger.eral equivalent circuit representation for amplifier 

noise sources which would include this kind of behavior, it was necessary to postulate two 

equivalent input noise generators, a noise voltage generator in series with the input as before 

and a shunt current generator. Methods were developed for measuring the spectra of thes? two 

noise generators and the correlation which, in general, would exist between them. A discussion 

of this work was presented in Semiannual Technical Summary No. 3 and in a paper presented hy 

Mr. John Fischer at the conference on Seismic Amplifier Noiae which was held at RCA Labora- 

tories in September 1963. It should be pointed out, however, thot the noise behavior of the 

majority of amplifiers used for high sensitivity applications can be adequately represented by a 

single equivalent noise voltage generator in the input circuit. 

F.  COMPARISON OF SEISMOMETER NOiSE ANALYSES 

In Semiannual Techn'cal Summary No. 3 a comparison was made of the seismometer 

uoise analyses of A!*rod Wolf, C. J. Byrne, and those done under this contract. The conditions 

up^'ar which the various analyses are valid were catalogued and several important typographical 

errors in the equations of Wolf's ptper were noted. The intent of this discussion was to allay 

some confusion which has existed over apparent differences among these three seismometer 

noi^e analyses. It was pointed out that when applied to equivalent cases all three analyses 

produce the same results, 

0.  MINIMUM IHERTtAL MASS REQUSREMENT 

One of the original task« of this contract was to determine the minimum value of seis- 

mometer inertial mass which would permit the detection of ground motion of given amplitude and 

frequency. Although the seismometer is physically a simple device, this task is complicated by 

the maay interrelated parameters of a seismometer-amplifier system. The earlier reports issued 

under this contract contained i^orts to identify these parameter relationships and to establish 

a s^-erai mathematical description of the inherent instrument noise of a seismometer system as 

a function of its parameters. These reports display a continuous shift in emphasis toward 



riH'OiJniiion of um amplifser noise as g more important factor in dntprmining tJse sensitivity of the 

entire system than it had oncinally been assumed to bo. 

In .Somiannual Technical Summary No, 4, the pmbiem of deterfnining the minimum inertia! 

fnass requiremont for the seismometer wa^ approached from the standpoint of assuming that the 

amplifier has been chosen firs: and then asking the question, "What is the reqiiirerl mertial mas« 

of the seismomotpf whif h mil detect a given ground velociiy over the desired passband when 

driving this amplifier':5" 

MaLhematica! equations were presented and a procedure outlined which permits the mini- 

mum inertial mass to he calculated if the equivalent input noise spectrum and input impedance 

of the amplifier are known. An example of the use of this procedure was presented, calculating 

ihe limiting sensitivity of a system comprised of a Jersey Production Borehole Seismometer and 

a Texas instruments RA-S Parametric Amplifief. 

In order to ease the cor. plexities of the mathematics and to simplify the presentation of 

the results, a set of restrictions were placed on the characteristics of the seismometer-smplifier 

combinations to wh.ch this analysis is applicable. These restrictions were listed   n detail in 

the report and for the most part they were not confinu.g. The most troublesome one, however, 

was that the reactive components of the input impedance of the amp!    er were assumed to be 

negligible within the passband of the system-. In considerirg seismometer-galvanometer amplifier 

combinations this restricts the use of the results to the lower frequency end of the passband. 

However, because of the 1/f noise, which seems always to be present, this is likely to be the 

point in the passband at which the sensitivity is most severely limited anyway. 

H.  THE "DgTECTABILfTY" CRITERION 

In the analysis of instrument noise as a limitation to the detection of signals from seismic 

disturbances it is customary to compare th-^ rms value of the output signal in response to a sinus- 

oidal ground velocity with the rms value of the noise determined for the entire passband of the 

seismic detection system, Woif (1942) has stated, based on his experience with galvanometers, 

that the rms value of the signal must exceed the rms value of the noise by a factor of approxi- 

mately ySO  in order to insure deteciability. This criterion has been used in the subsequent 

analyses of Byne (1961) and those performed under this contract. 

However, because the detectability criterion directly affects the estimate of the system 

sensitivity, an investigation of Wolf's criterion was conducted and preliminary results were 

reported in Semiannual Report So. 5. In this report chart traces showing sinusoidal signals in the 

presence of noise of various bandwidths were presented. These traces demonstrated that, regard- 

less of noise bandwidth. Wolf's criterion is extremely conservative and that under most conditions 

it is probably high by a factor of 2. Additional work on th« detectability of sinusoidal bürgta in 

the presence of nome are presented in a later section of this report. 



IM.   AMPUFiER NOISE MEASUREMENTS 

In th* previous reports of this contract th« noise performance of the various amplifiers 

measured was presented in terms of an equivalent input no.-.e voltage source in series with the 

source impedance connected to the amplifier input. This form of ncise representation includes 

the effects of the thermal noises of the amplifier input impedance and the source impedance 

used during noise measurement. As a consequence, this form of noise represemation has disad- 

vajitages when used to compare the noise perforinance of several amplifiers. To facilitate the 

■omparison of the noise characteristics of different amplifiers a change in the form of presentation 

of the noise performance of the atiplifiers measured was made. 

The noise performance of the amplifiers measured other than galvanometer type amplifiers 

will be presented in terms of an equivalent input noise voltage source in series with the input of 

a noiseless amplifier having an infinite input impedance. The frequency reaponse of this noiseless 

amplifier is identical to that of the noisy amplifier. The input impedance of the actual amplifier 

will be represented by a separafp impedance exhibiting the appropriate thermal noise. A diagram 

of this noise representation is shown in Fig. 1. 

Input 

o— 

o % 

Input 
Impedance 

E 
Noiseless 
Amplifier 

-o 

Output 

Fig, 1.   Amplifier Noise Equivalent Circuit. 

Using the form of noise presentation outlined above the total equivalent input noise 

spectrum may be calculated using Eq. ft) below. 

eTolal = SN T ethermftl ^ 

eTotal ls t^e totfe' equivalent mean square input noise voltage spectrum level, e^ is the 

amplifier excess equivalent m^an square input noise voltage spectrum level, and efherma! *8 

the thermal noise mean square voltage spectrum level for the parallel combination of the source 

impedance and the ampHfier input impedance. The output total noise spectrum may be obtained 

by maltiplying the input total noise spectrum by the amplifier gam. 

7 



For gaivamHiiiHer lypn s^ifiera ih«* noise preaenialion Will again be madp in fprms öf 

a voliagr source eN  It series with the input of a noiseless amplifier haunt infinite mpyr 

impedaiiets In tils eas«, howe\er, the noise source and noiseless amphher will be preceded hv 

a iwoHerminal-pair network representinK the input circuit of the amplifier and exhibiting the 

appropriate thermal noise. The frequency responne of the noiseless amplifier will be equal to 

the gain of the noisy sspiiSö divided bj the voltage transfer fimctiofl of the two-termmal-pair 

input eircuit. A diagram of this noise representation is shown in Fig. 2. 

Input 
&Bpiifier Outpuf 

Input Circuit 

Fig. 2.   Galvanometer Type Noise Equivalent Circuit, 

Employing this form of no^e presentetion the total output noise spectrum may be 
lated as shown m Eq. (2) below 

e Tctal Out s fa .n * e Thermal! 

caicu- 

m 

where e|ota, ^ is the total mean square output noise voltage spectrum le-el, i| is the mean 

square excess noise voltage spectrum level of the amplifier referred to tie input of tie noise- 

less amplifier, eTk#m&J is the mean square thermal noise voltage spectrum level of the input 

circuit and souree impedance combination measured at the input of the noiseless amplifier 

(point A of Fig. 2^, and AN is the gain of the noiseless amplifier. 

A disadvantage of presenting the excess noise of a galvanometer type amplifier in terms 

of the voltage source eN of Fig. 2 is that "1/r noise in the amplifier following the galvanometer 

is not immediately apparent. Because of the integral relationship between galvanometer velocity 

and position which is included m the gain of the noiseless amplifier of Fig. 2, a flat noise 

apectTum for the voltage source eN  may indicate -l/f" noise in the portion of the amplifier fol. 
lowing the galvanometer. 

/-  ^OIXE SPECTRUM MEASUREMENTS OF UNITED ELECTRODYNAMICS  INC 
MODEL GA-220 GALVANOMETER-PHOTOSENSITIVE AMPLIFIER 

The United Electrodynamics, Inc. Model GA- 

employs an input galvanometer, a photosensitive element, and a solid state amplifier. In this 

' is supplied to the input galvanometer prnriucmg a galvanometer rotation. A 1 



hpsm falling on Am gfti vfinomRtRr inirmr is dp fie« tori h\ ihv fmgtisS uf the galvanometer mirrof, 

rhaagina thi1 piisition of a hsht sfjot on the ohoiosi'nsiUve element. The photosenBiUve element 

im mstile up of a metallic strip asd i ttrip of reb^ox^ material plarofi parallel with a photnron- 

durior hptwpnn thorn. A voltage is appliRri hptwonn tkm onrls of iho rosislive atrip, and whtMi a 

Hixii of Heli' ilSunonaies a small area of the phototiinduttor. the phoio&ensitivf element operates 

as a poientiumeter in which the wiper contact is made throueh the iituminated section of the 

photoconduetiie eata'tgJ le the metallic strip. The output from ihr photosonsiuvo olmnont la a 

function nr iho =;;--] I ion of tho hghi -}*>! and ilu'reforc a measure of the galvanometer defleilion. 

The output from the photo-iMHitive element is amplified in a transistor amplifier and supplied 

to the output terminals. The eain of tho Mode* CIÄ-2S0 Amplifier is due pnmanh to the staplifyiag 

pmperiy of the optira! le\er utilizeii in the opu .a! system made up of the light beam souroe, the 

galvanometer, and the photoseösitive element. A small amount of gain is supplied by the transistor 

amplifier. 

The nominal voltage gam of the Model GA'ääO Amplifier with a balanced output is speci- 

fied to be 4000.000. Measurements on this amplifier v/ere made using single ended unbalanced 

output and conseqyeotly the gain was reduced by a factor of two. Plug-in band pass filters in 

the frequency ranges of 0.8 cps to 3.0 cps, 0.8 cps to 5.0 cps, and 0,8 cps to 12.5 cps are 

supplied with the amplifier to allow modification of the amplifier pass band. 

{nput impedance ffieasurements were made on the Model QÄ»üÖ Amplifier. An equivalent 

input circuit is sbown in Fig. 3. 

■ 
■wv 

R 

a = 125 n 

R = 2317 ft 
C = 67.2 uf 
L = 3.68 hy 

Fig. 3.   Input Impedance of United Klectrodynamics Model 04-220 Amplifier. 

The results of the input impedance measurement are: the galvanometer winding resistance,  R , 

equals 125 ohms;  the mechanical loss resistance,  R,  equals 2:117 ohms;  the equivalent capaci- 

tance, C, equals 67.g ^| the equivalent inductance, L, equals 3.68 hy: and the undamped 

resonant frequency eqaais 10.13 cps. 

Gain seiwaressent were made on the Model QA*SS6 Amplifier using the 0.8 cps to 12.5 cp? 

filter and without the bandpass filter. The results of these measurements are shown in Fig. 4. 

The noise equivdeai clfcaU used to desc-ibe the noise performance of the Model GA»220 

Amplifier is of the type shown in Fig. 2. The gain of the noiseless amplifier was calculated 

and the results of these calcnlations are shown in Fig. 5. 
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SsiM >pocirum moa^un-m.-nf« were m&4m on rhe Model GA-äau Amphfier without Om 

basd-pass fther and u^imj ihp Rltef fclll a band fmmst BJ a tiJ rps. For each of th^.e fre- 

quetuy rvspon^ innditujn- noi-,   -i^rirum measurenH^nt« WPFP made Bsirig an input fralvanomeier 

M   -upplled with rhe amplifier and g .uuree resistance of hh ohms. This runditinn corresponds to 

a salvanonieu-r damping uf 0.6 of cruieal. Noi-e riieasurements for each of tht   frequency respon^^ 

eonditicin? «ere also made wlrt a dumnn galvanometer repl:i; gssiii for (he actual galvanometer. 

The dummy galvanomefe   saistitsfäg a fixed mirror m the syst-ttn m place of (he movable galva- 

iHH„pter Km», The ampliher exce-s noise voltage spertrum as measured using IHP galvanometer 

and the m skm souree rosi^anvv and that measured Using the dummy galvanometer are sabstto- 

n IIK rdestiesL The measured aatpüfier excess noise voltage spectrum referred to the input, of 

nuiselPss amphner for the Model GA.220 Amplifier is shown in Fig. 6. tag 

Ihr. spectrum eurve for the amplifier using the 0.8 cps to 12.5 cps band-pass filter 

indieates the noise to be higher in the low frequency portion uf the curve than that of the ampli- 

fier wuhout the filter. Measarements made at frequencies higher than 10 cps indicate a similar 

increase in noise spectrum level for the amplifior using the filter over that for the amplifier 

without the filter. These results show that the noise introduced by the active filter is negligible 

in the frequency passband of the filter. In the frequency stop bands of the filter whore the input 

noise and the noise of the early stages of the amplifier as well a? the signal have been attenu- 

ated, however, the noise of the filter is significant. 

In the course of measuring the characteristics of this amplifier a gain measurement of 

the amplifier was made with the galvanometer replaced by an interchangeable galvanometer 

produced by the same manufacturer but hav;ng an undamped natural frequency of le70 cps instead 

cf 10,1.3 cps. The results uf this measurement in the frequency range betwoen 1 cps and 1000 cps 

is shown in Fig, 7. It is interesting to note that over the major pornon of the frequency range 

under consideration the gain is decreasing with increasing frequency at a sale of 3 db per octave. 

This result is not accounted for by the response of the galvanometer since the undamped resonant 

irequency is too high. The rate of decrease of gam indicates a d-stributed resisiance-capacuance 

type effect such as might b    introduced by the finite response time of the photoconductor of the 

photosensitive element. It should be noted that this decrease in gam extends into the frequeru v 
band below ]0 cps. 

interesting ehsaeteristte of the Model O\.220 Amplifior was found dunng the 

testing of this amplifier. Gam measurements revealed the small signal gam of this amplifier to 

be a function of the quiescent position of the light spot on the surface of the photosensitive 

clement. A measurement of small s,gna} gain as a function of hght spot position was made and 

the resuif. of this measurement are shown m Fig. 8. The ordinate of this graph is relative 

amplifier gam and the abscissa is an arbitrary scale pruporhonal to the position of the light 

along tJie active surface of the photosensitive elpment. This measurement was made by 

inng the output signal for an input made up of a low level signal plus a dc bias. The dc 
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Fig. 8.   Relative Gam of United EletLroriynamics Model GA'22l) Amplifier 
as a Function of Light Spot Position. 



bias wa§ changed to ohLain a chargp in the qtire§a#ftl position of the light beam. The results of 

this measurement indicaU» irregularity sn tho characteristics of the photosensitive element which 

rrmy occur IB ihn resistive strip, m the pholoconductor, m the mptaüic strip, or in a combination 

of these component parts. 

The noise performance of the Mode! QÄ«3S0 Amplifier in the frequency ■'ange of 0.01 cps 

to 10.0 cps may he represented by the equiialen1 cifeuit of Fig, 9. The results of the measure- 

Rc - 125 M R    , 23i7 ,i 

C    = 67.2 tJ      L    -- 3.68 hy 

0- ^w^ 
Input 

o- 
Amplifier 

L 

Output 

—o 

Fig. 9.   Noise Equivalent Circuit of United Electrodynamics Model GA^2ä0 Amplifier. 

ments made on this amplifier show the spectrum level of the equivalent excess noise voltage 

generator eN to be that presented in Fig. 6 and the gain of the noiseless amplifier to be that 

given in Fig. 5. 

B.  NOISE SPECTRUM MEASUREMENTS OF WESTON OBSERVATORY AMPLIFIER 

Measurements were made of the noise performance of a solid state amplifier used in 

seismic instrumentation at Weston Observatory. 

Measurements of amplifier input impedance show this impedance to be capacitive. The 

resistive component of input impedance shunting the input capacitance was quite high and its 

effect is insigmfuant compared to the capacitive component. The input capacity was measured 

to be 0.216/if. The equivalent circuit of this input impedance is shown in Fig. 10. 

o- x 
C = 0.216uf 

Fig. 10, Impedance of Wesion Observatory Amplifier, 

The measured gain of this amplifier as a function of frequency is shown in Fig. ! ]. 
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Lquivalent Snput nmm voltage Spect.um n™^™, ^re made on this mspkmm far 

source res.unees of zero ohms and 250,000 oh.^. Th. re.uh. of As« «^^^ ^ .hown 

" Fl^ 12' TheSP eB™ -häbit "l-/f' ^ — oHftMcteri^ ™ the enure fre.uen.v ^S 

0f ^asurement.   Thn noise tpsa^ i.vel 1. al» quüe MÄ wuh tho lowest p^nt on the rnrve 

corresponding to the thc^al zmm .pectrum tevri of s 830,000 ohm res5.tor. The eaoac.ttve |& 

Put reariance at the same fraquency li 73,800 ohmg. 

The equivaient input noise voltage spectrum level measured for MM ampHfier »gtäg a 

sourc. res.stan^e of 250,000 ohm. is conS!derably higher than either the therm.i noise of the 

source reliance or rhe zero source impedance Rqui.aient input noise voka^ spectrum of the 

- Phfier. Thäs result indicates the presence of an equtvalent mput no.se current source. Using 

the equ.vaient mput noise voltage spectrum for a source resistance of 250.000 ohms, the mJasured 

amphf^r input .mpedance, a„d the known 250.000 ohm source resistance an equivalent input 

ncse current spectrum may be calculated. The results of such a ealcuiaUon is shown in Fig. 13. 

The measured noise information on this amplifier is not sufficient U> determine the pos.f 

bility of correlation between the equivalent input noise voltage source and the equivalent input 

noise current source. In view of the fact that the measured noise spec^m level of tins amplifier 

is quite high no further noise tests were performed on this anpfifter. Assuming t^ar the „ot.e 

voltage an^ curren. sources are uncorrelated, any caiculatton of total input amplifier noise 

spectrum le.el wül be low by a maximum of only 8 db. |, p^^ correlaüon exisl3   A |vp 

c^relaoon of course would present the possibifitv of parttal ampfifier nOI8e cancellaOon for a 
judicious choice of source impedance. 

no tsing the results of the measurements performed on this amplifier a.d assum.ng ^ 

con-elatjo« between the input noise voltage and current sources, the noise performance of the 

eston Observato^ Amplifier may be represented by the equivalent c.rcuit of Fig. 14, The gam 

Fig. 14.   Noise Equivalent Circuit of Weston Observatory Amplifier. 

ampl.fier ll that shown a Fig. U. The spectrum of fta equivalent 

soyrce iN is presented in Fig. U and that of the equivalent input noise vol 

is the spectrum for zero source impedance presented a Fig. 12. 

t noise 

source 



C   HOISi SPECTRUM MEASUREMENTS OF THE ELECTROTECH SHORT PERIOD AMPLiPiER 
SYSTEM MODEL SPÄ-M 

in 

MeaSur«'.'=»-nt5 Were ma.de nf the gSSg pprfbrTssnce m the frenuoncv range of 0.01  rps iij 

vps of the Eleetrotorh Model SPA-l-i Short Period Ampiiher System. 

Si 

ThP Model SPA-i-l Ampiiner Is a solid mm transistor amplifier employing a dioriP 

hopper to produce a earner sigeal prop .iional to the low frequency input mgmL The carrier 

I is amplifu^d. riemoduiated, and the resulting signal is further amplified before appearing 

at the cHitpuf ierminals. The nominal voltage gam of the Model SPA-l-l i- 1 x in6 and the 

nominal input impedance Is 3200 ohms. This amplifier has an aetne low pass filter with seven 

r.ioff frequencies ranging from b cpa to 30 cps which may be switched m to modify the high 

frequency response of the amplifier. Two outputs are available from this amplifier, one of which 
has an output 30 db below the other. 

The results of the noise spectrum measurements made of the Model SPA-l-l Amplifier 

am shown m Fig. 15. Noise spectrum measurements were made for a number of different condi- 

tions of input and output including, (1) short circuited input without the low pass filter and 

measuring the noise at tJie ^ero db output, (2) short circuited input without filter and measuring 

the noise at the -M db output, (3) short circyited input with the 13 cps low pass filter and 

measuring noise at the -30 db output, (4) 500 ohm input source resistance without filter and 

noise measured at the -80 db output, (5) 2500 ohm input resistance without filter and noise 

measured at the -30 db output, and (6) short circuited input without niter with an internal 

attenuataon of 42 db and noise measured at the -30 db output. A measured gam curve for the 

amplifier m the frequency range of the measurements made is shown m Fig, 16. 

The input impedance of the Model SPA-l-l Amplifier may be determined from the equiva- 

lent input circuit for the amplifier shown in Fig. 17. The shunt capacitors effect the input 

impedance of the amplifier in the frequency range above 60 cps. The frequency at which the 

shunt capacifive reactance is equal to the amplifier input resistance Is variable depending upon 

Balance A Balance B 

Input ImpedftBce of Heetrotech Model sPA-1-1 
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ine Halanc p mmbsÄs, Thm series WsckiBg eäpaöltöri hä^e an effett no the input 

ifiifipuHr;; •' m The vicmuv nf 0»3 cps. The measured inpu' impedanf e ai a frequ(>nr\ of 4ü Cps IS 

UM ohms. This impfHiahä ■= [screaseg re a vala^ rd  IduO ohrriri as ine froquency is dtHToased 

beteW Qti cp-. 

The noise spet tram UUTM - fei this ^Vipuu^r shows in Fig. 15 exhibit an rncreasjnii 

Hji(H;rrurr: irvpi Wiih derrrü   lag ir-{jaoHv\. This cimrafiefi^iu  of the noise spertrum curves is 

due to the low frequenf v CBtoff |>rcjdu>: f>d by the senes blockihij rapaciiors shown above m the 

«?quiva!oni impmi f ueuü of the amplifier and to other low frnquenev rutoffs m the amplifier and 

possihlv aiso the result of "1/f" noise Sources wahin the »mplifier. 

VleasuremenLs show the noise spectrum of the Model SPA-l-l Amplifier to be identical 

for the condition of short rircuitnd mpui, without the low pass fillers, and using the zero db 

output and -30 db output respectmdy. This result indicate;-; that those portions of the ampüfier 

rircuit unique to the zero db output and to the -30 db output introduce a negligible amount of 

noise in the Model SPA-l-l Amplifier. The maximum useable signal obtainable from either output 

is approximately the ssk.! while the noise from the    30 output is about 30 db less than the 

noise from the zero db output due to the difference ia gain. The resuiting dynamic range is there- 

fore larger when u«ing the -30 db output than when using the zero db output. 

Noise performances of the Model SPA-1-1 AmpUficr measured for input source resistances 

of 500 ohms and 250i) ohms using no filter and the -30 db output are identical to that measured 

for a short circuited input. This result indu ates that no equivalent input noise current SOL 

is necessary to represent the noise performance of this amplifier. 

The result of a noise measurement made for the condition of short circuited input, without 

filter, using the -30 db output, and with the internal amplifier attenuator set at 42 db is shown in 

Fig. 15.   The sperrtram level of the equivalent input noise voltage source for this condition of 

measurement is se^n to be considerably greater rhan that for the other measuring conditions. Fror; 

this result it is concluded thai a considerable amount of the noise of this amplifier originates in 

that portion of the circuit following the attenuator. In view of this resak the user of this amplifier 

is cautioned against using the internal amplific-r atrenuator of the Model SPA-1-1 Amplifier ia an 

application where minimum amplifier noise is necessarv. 

Amplifier input noise characteristics for the condition of short circuited input and using 

the 30 db output and the mtema! low pass fiker with a caroff frequencv of 13 cps are identical 

to those for the condition without the low pass filter within the frequency range of measurement. 

Noise measurements were made for frequencies above 10 cps and the results indicate no change 

in the equivalent lagst noise voltage for frequencies in the stop band of the filter. From this 

result it can be concluded that the low pass filter circuit m the amplifier contributes no signifi- 

cant additional noise to the SPA-1-1 Amplifier. 
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m iPA*i-i An 
s^ ^v trUin level of IflR measured equivalent inpul nosse voltage Sc urt^ Tnr 

piiner is Hppfijxiffiafeiy e^sal fe ih?1 speftrum level of the thor?na| noise of a 

LBJUSJ onm rirSi^r^f, Mn? o ih=s rpsistor :s Ig^pf Ifesi =hp =apuf impedance of fhi- amplifier we 

^ee thai Ua- aniphher exeesa mmm »ill always b^ ataauer than iha ihermai nuise ai the amplifier 

input in any anphiaiinn. 

As a resaL of th. B^gäfei»fsä on ihe Model SPA*1-1 Arapiifipr m the frequenrv 

raaga ot UA)l e^s m  13*1 ipi i h- B§iS€ perfonaancR of this ampüfier may bi?   ppresonted by the 

iValenl i^rraii ot Fio=  IS. 

lacat      4,2*0 

o  

165^1 

.4?ki 

o *li 
Noiseless 
Aff^lifier Outp»- 

Fig. IB,   Nnisp EquivaieRt Circuit of Ebctrotech Model SPA-l-l Amplifier. 

In this equivalent circmt the spectruifi level of the noise voltage generator eN is that presented 

in Fig. 15 and the gam of the noiseless amplifier is that shown m Fig. 16. 

D.  REVIEW OF NOISE CHARACI ERISTICS OF TEXAS INSTRUMENTS MODEL RA-2 AMPLIFIER 
AND GEOTECH MODEL 4300 GPTA 

Measured noise performance of tn« Monel BA-2 Amplifier and the Model 4300 GPTA have 

been presented m Semianntiai Techmcal Sümöary No, I and Technical Summarv Report for 

June 1961 to Seplomber 1963 respeclively. The Fesults of the noise measurements on these 

ompiifiers have been revaleuiatRd to conform with the change m noise performance presentation 

adopted in this report, 

1.   Nosse Performance - Geotech Mode! 4300 GPTA 

The noise characteristics of the Model 4300 GPTA may be represented by the equivalent 

circuit of Fig. 19. Th« input circuit parameters are sho^vn in Fig. 19. The amplifier excess noise 

Molieless 
Aopllfj   - 

lip 19.  Noise Equivalent Circuit of Geotech Model 4300 
Galvancsetef-Phütotube Amplifier. 

Output 

—o 
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bpevtram of iho equivalent ntHse voitage source eN for this amplifier is givon m Fig. 20. Ihe 

gain of the hoisuirsH amplifier is prnsnnted IB Fig. 21. The overall gam of the Gtwierh Model 

4300 OPTA is shown in Fig. 22. 

2=   Hois.? Performance ^ T«xos Instruments Model R.4-2 Amplifier 

The equivalent cirtuii of fho Model RA-2 Asptlftaf for noise performance representation 

Is shown la Vi&. M. The input impedance of this amplifier [§ made up of the shunt combination 

T 
Input     O.OOUif 

o  

O 
400>tegil 

■^                          J-V J 
Noistless 
Aiflplifler Output 

i^ 

Fig. 2.1.   Noise Equivalent Circuit of Texas Instruments Model RA-2 Amplifier. 

of tbs resistance and capacitance shown in Fig* 23. The noise spectrum of the equivalent input 

excess noise voltage source eN- of the amplifier and the gam of the noiseless amplifier are 

presented in Fig. 24 and Fig. 25 respectively. 
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IV.   COUPLING SEISMOMETERS AND AMPLIFIERS FOR 

MAXIMUM SIGNAL TO NOISE RATIO 

Afier the desienor of a seisfflic detecujr tyi^s has chosen the merfial mass, rRsonani 

fiequenrv. and tiampme faotof of his §elSffloa#tef HfHi ha^ picked a iow.noise ampiifier vvuh the 

proper size, hatterv dmln, eost, etc. (0 meet tho requiremenis of hs^ applic-afion. he is fac-ed 

with the problc^m af matchine the impedance of the two devices sn order to achieve the best sig- 

nal to Boise ratio. The amplifier will probably have a fixed input ünpedance, al least at Its 

m =xi!:iam sensitivitv. Seismometer manufaciurers, however, usually offer a range of iransducer 

oil resistances and generator constants and will make special coils on order. It is the purpose 

of this sertion to show how the choice of transducer coii resistance affects the signal to noise 

ratio and to lay down some guidelines for choosing the transducer parameters. 

C. J. Byrne' pointed out in his article on instrument noise in seismometers that maximum 

signal to noise ratio is obtained when the coil resistance and generator constant of the seismometer 

are chosen so that the input resistance of the amplifier provides the only external damping. This 

result is correct but it is difficult to realize in practice for amplifiers with extremely high input 

resistances. The Texas Instruments RA-2 Amplifier for example has an input resistance li excess 

of 400 megohms. Moving coil transducers have been fabricated with coil resistances of roughly 

0.5 megohms but are extremely difficult to make because of the miles of very fine wire required. 

A mQving'Coil transducer which will permit the seismometer to be damped properly by 400 megohms 

is certain!y not a practical one. Therefore, it becomes important to investigate the manner m which 

Signal to noise ratio varies as the transducer coil resistance and generator constant are varied. 

Following the analytic procedures established la earlier reports the mechanical elements 

of the seismometer may be expressed in terms of the equivalent electrical components which 

appear to be present when viewed from the electrical terminals of the transducer. The electrical 

equivalent circuit which will be considered is shown in Fig. 26. 

Mechanical Elements xd 

Fig. 26.   Electrical Equivalent Circuit of Seismometer and Amplifier. 
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ii this figure the päfanleters are: 

v -   velo4äC\ of ground motion relative to an inortni! fefafefiCe 

generator ronstant of the transdurpr 

- inertiäi ma^^ u!  ctie Kei-mometer 

=   undaffipod resonarit frequenr\ si fefcs »eigsa^B^g (^        8fff 5 

- c&pacitiince. equivalent to inert;- 

- induvtanee, equivalent to sjjf in«! t orüidiarue 

e 
M 

f 

G 

L 

R -   equivnleni damping re^istanre pfesegi when the fransdurpr is 
opener irrui ted 

h       =  open-t irtuited damping factor of the seismometer 

R_     =   ü-ansducer coil resistance 

R ,     =   an external damping resistance placed Is shunt with the 
amplifier input terminals 

Ra     -   input resistance of the amplifier 

R^j   =  tot«! external damping resistance (consisting of Rx and Ha 

in parallel) 

B. g   =   rms amplifier excess noiso referred to the input terminals of 
the amplifier. 

In order to simplify the analysis the inductance of the transducer coil has been neglected, 

the amplifier input impedance is assumed to be purely resistive within the passband, and the 

internally generated amplifier noise has been represented as a single noise voUage source at 

the input» These constraints have been discussed m earlier reports and are reasonable approxi* 

mations for most seismometers and amplifiers. The input impedance of galvanometei type 

amplifiers, however, is not resistive at frequencies near the galvanometer resonance. 

The approach which will be used is to determine the manner m which the signal and 

thermal noise voltages at a particular frequency vary as a function of coil resistance. B , at 

the inptit terminals of the amplifier. The signal will then be compared with the total noise 

voltage, consisting of the sum of the mean square values of thermal noise and amplifier excess 

noise, 

A familiar difficulty presents itself at this point. While the signal is at a discrete fre- 

quency the noise spectrum is continuous and it is therefore necessary tr assign a bandwidth 

to the noise in order to determine a mean square value. For simphcity it will be assumed that 

the signal is beinf compared with the noise in a one cycle band centered about the signal 

frequoncv. 

3. 



In order to present the resuks aw clearly as possible, thp derivation of the malhs^mrtiu al 

rfdayossliBS has been relegatcid to an appendix which appears at the end of the report. In the 

XtmendiX ?he fuilowing relanuns are shown to be rrue tor iho circuit of Kig. if: 

1.   The full resistance, 8., is dircs llv proporuonai to #he square of the 

penfrator constant, G. if the air gap flux density and voiimse of ihe 

transducer coil are maintained constant as Rr is vaJed, See section A 

of the Appendix, 

G2-Rf m 

S.   The exterRal damping resistance, R^d, consisting of the parallel combi- 

nation of Rx and the amplifier input resistance, RH, is directly proportional 

ys B   until B d becomes equal to Ra. For higher values of coil resistance 

it is necessary to insert additional resistance la series with R_ to maintain 

the damping factor constant. See section B of the Appendix. 

•xd Be for [b S Rsd < Rj 

R..^ = Ra for higher values of R_ 

I,   The mean-square signal voltage at the input terminals of the amplifier, fefj, 

is directly proportional lo Rc for constant damping factor until the value 

of R. fc. which RKd = Ra is reached. For higher values of Rc, the signal 

voltage becomes inversely proportional to Rc. See section B of the Appendix. 

P, - R   for fo < R_ < Hi 
SI c L XU Aj 

e"   *  J— for higher values of R 
si      R B 

e 

4.   The mean-square thermal noise voltage at the input terminals, e^, is 

directly proportional to Rf, until the value for which Rv;d = R^ is reached. 

For higher coH resistances the thermal noise remains approximately 

constant. See section C of the Appendix, 

^ Rr for [0 < Rxd i R J 

e?.  - approximate!   constant for higher values of R,. 

These results are plotted on a 

(*) 
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If the mvfiTi -uuarp BxreSH noi-p avef the dp^ired passband of OB  «ysLtffi Is less Lhan 

the mt-fin square itwnn&l noise of the input resi^innvo of the ansphfier (as shown il tig. 2i), the 

signal to noise ratio may be divided into throe regions: 

I,   For low values of R_ the value of R¥ muHi be tow is order to damp the 

seismorneter properly. As a eonsefjuenee, the iherrnal noi-^e is low and 

the siana! to noiso raiio is limited bv the amplifier excess noisp. Becnusn 

of the direet relation between R^ and G  - howover, the signal is low and 

the signal to nnisp ratio is low. 

i.   For mcHiiurn values of R, , for which the thermal noise exceeds the ampii- 

fier excess noise, the signal and thnrmal noisn are both proportional to 

R   and the signal to noise ratio becomes constant. 

S*   For high values of R„, for which the external damping resisisnce required 

to damp the seismometer becomes higher than the amplifier input resistance, 

it becomes necessary to place external resistance in series with Rr and t le 

signal drops off as R   increases. The thermal noise tends to flatten off, 

however, and the signal to noise ratio decreases. (At the resonant frequency 

of she seismometer the thermal noise becomes absolutely constant over 

this range). 

Therefore, the maximum signal to noise ratio is achieved at the value of Rc. for which 

the required external damping resistance is the input resistance of the amplifier but if the mean 

square excess noise is less -ban the thermal noise of the input resistance of the amplifier 

over the desired passbend, it is possible to use a transducer with a lower value of coil resis- 

tance without significant tosö of signal to noise ratio. 

This may be seen by inspection of Fig. 2S. In this figure, plots of signal to noise ratio 

vs, R    are shown for the following : 'ismometer'ampMfier combinations: 

1. A Johnson-Matheson Vertical HtHsmometer driving a Texas Instruments 

RA'2 Parametric AmpHfier. 

2. A Haii-Sears BS-lCNl ^ei-mometer driving a Texas Instruments RA-2 

Parametn G Ampi ifier. 

3. A Johnsoft'Matheson Vertical Seismometer driving an Electrotech 

SPA-l-l Ampliflef, 

4. A Hall-Sears Hb-lO-i SeismurneU'r driving an Eiectroterb SPA-1-i 

Amplifier. 
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The ground velocniy assumed for these raleuianons was 1,0 millimicron, ^or ac 1.5 vps. 

This fronuency was chosen because it Is at abouf the center of the mmfgg specü-um of P  savsg. 

The damping factor is taken to be 0,7 of mtu al. 

Even though the excess noise specirum of these two ampn tiers |l approximately equal 

g «hen referred to the input terminals, they differ greatlv m their input resistance. The RA-2 has 

an i.nput resistance is excess of im megohms, while the input resistance of the >PA-1»1 is 

1900 ohms. 

It may be seen that there is no significant increase m the signal to noise ratio curve 

for either seismometer dmuig the HA-3 amplifier for coil resistances above lOOK ohms and the 

signal to noise ratio li down only about 3 db for Rc      10K. 

The sPA-11 amplifier represents a different situation, however. For this amplifier the 

excess noise in a one cycle band centered at 1.5 rps is already greater than the thermal nor-« 

cf the amplifier input resistance. Therefore the signal to noise ratio curve never reaches the 

plateau shown in Fig, 27 where it becomes limited by the thermal noise. For this amplifier the 

choice of coil resistance of the seismometer is fairly cnttcai and should be chosen as chat value 

for which the input resistance of the amplifier by itself provides the desired damping. 

This resistance is given by the relation 

R   = —      Ra  (7) 
i' 

'G2 

4irf (h-h,}M  IR^ 

where Q and g are nominal values of generator constant and coil resistance, respectivelv. 

for the seismometer transducer being considered. The ratio G^/Rf,„ should be a constant for a 

particular transducer so long as the air gap flux density and coil volume are fixed. 

When working into an SPA-1-1 the Johnson-Maiheson seismometer should have a coil 

resistance of approximately 1.300 ohms while the HS-10*! should have a coil of 430 ohms, 

CONCLUSIONS 

1.  If the amplifier excess noise is greater than the thermal noise of the input resistance 

of the amplifier over the desired passbann, the signal-to-nosse ratio of the system \s excess 

noise limited. Further, there is a sharp maximum in the signal to noise ratio when the coil 

resistance is adjusted so that the seismometer has the desired damping when the external 

damping is provided solely by the input resistance of the amplifier. This coil resistance may- 

be calculated from Eq. 7. 

8S 



a.   |i tho apiplifier mr.-e i- fr- ä. the therm«! naisv of tho input resistance of the 

ampliiier over the desired passbarid, th«rr Is a range of trartsducer CDU rp^istance for which the 

ssjjnai to noise ratio is thermal noise Hmited and ft*3 roil resisrönce mav In- chosen at the value 

for whuh tho excess noise is equal to the thermai noise without sfifmus loss of signal to noise 

raüo. 

3. fi would appear, that for ami^fiprs having resistive input impedances the ratio of 

r^-piifier excess noise to the thermal noise of the amplifier input resistanre over the desired 

passband is an important parameter for comparing amplifiers for use with seismic detertors. 
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V,   SIGNAL TO NOISE RATIOS FOR SEVERAL 
SEISMOMETER-AMPLIFIER COMBINATIONS 

Tfifi Until basis for äetemimsg tfcf relativ« noi^e perfurmanre of a sinsmometer and an 

iunplifier IM in tern!* of rhe pipsl io noise raüo (><NR) sppe^ri^ ai the output of the combination. 

ralruiiUlons uf S\fv «i fe rnaci^ for two sni^inotnyiers and four amplifiers using the amplifier 

Boise charat i^n-utH nieasurcd. The two seismometers considered were the Cjieotech Johnson- 

Malhr  on \ crural Seinmomefer and ihr Hall Sears HS^10-1 Seismometer. SNR ealeuiations were 

n   do for theBe aeismomecors and for the Elortrotech Model SPA-l-l Amplifier, the Texas Instru- 

hsenis Model RA»i Ampiifier, the United EletLrodynarnics Model CfA-^#Ssivftaes&^^PtaiS- 

-eaHitive Amplifier, and the Oeotech Model 4300 Galvanometer Phototube Amplifier. 

The SNR oalculatäons were made for an input ground volocity of 1.0 millimicron/see at 

a frequency of 1.5 cps. The bandwidth considered is 1 eps wide about the center frequency of 

l.o eps. The seismometer damping used wag 0.7 times critical. The seismometer windings were 

considered to he variable under the same constraints used in the previous section of this report 

on coupling seismometers and amplifiers for maximum signal to noise ratio. The SNR was 

cairulated for the optimum conditions as discussed in the previous section of the report for the 

systems using the SPA-l-l Amplifier and the RA-2 Amplifier. Optimum conditions are more 

difficult to specify for galvanometer type amplifieis. As a consequence, calculations of SNR 

using the GA-220 Amplifier and the Model 4^00 GPTA were made using the conditions given 

above and in which the total external seismometer damping was supplied by the amplifier input 

impedance. For these two amplifiers the seismometer damping of 0.7 of critical was determined 

for the blocked galvanometer condition, i.e., the external damping resistanre equal to the 

galvanomeler winding resistance. The results of the ralculations should he representative of 

the SNR performance of thes« last two amplifiers. 

The results of the SNK calculations are shown in the bar graph of Fig. 29. Summarizing 

the results, the RA-2 Amplifier, tbe GA-220 and the Model 4,100 GPTA used with the J-M 

seismometer and used with the HS-10-1 seismometer have similar SNR with a lower SNR for the 

HS-10.1 than lor the J-M. When using the J-M seiÄmometer the Model 4300 GPTA has a slight 

advantage in SNR while for the HS-10-1 seismometer the RA»3 has a slight advantage. Using 

either seismometer the SPA-l-l has a somewhat poorer SNR than the other three amplifiers. 
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V,   SIGNAL TO NOISE k. JKDS FOR SEVIRAL 
SEISMOMETIR^AMPUFIER COMBINATIONS 

The final basis for determining ihe reiatne funse perfofmanoe of § seismometer and an 

amplifier Is m tet-m of Ifcs signal to iioiMf= ratio (K:,R) appoanng at the outpul of the GOffibination, 

Calruialions of SNR wae madp for two seismometers and four amplifiers UBing the amplifier 

noise ch a rat ten »tics rrieasured. The .wo seismometers considered were the Geotech Johnson- 

Malbpsof. \erHcal LSeismornorer and the Hali Sears Hh*lÜ-l Seismometer. SNR ealeijjations were 

m :!=- Icr these seismometers and for the Eiectroteuh Model SPA-1-1 Amplifier» the Tenas Instru* 

ragfitg Model RA-3 Amplifier, the United Eleetmdynamirs Model GA*230 Galvanometer-Photo- 

sensiuvn Amplifier, and the Geoteeh Model 4300 Galvanometer Phototube Amplifier. 

The 8NR caleulations were made for an input ground velocity of 1,0 iroüimicron/sec at 

a frequency of 1.5 cps. The bandwidth considered Is 1 cps wide about the center frequency of 

1.5 cps. The seismometer dampinji used was 0.7 times critical. The seismometer windings were 

considered to he variable under the same co straints used in the pfevious section of this report 

on coupling seismometers and amplifiers for maximum signal to noise ratio. The SNR was 

calculated for the optimum conditions as discussed in the previous section of the report for the 

systems using the SP.     -1 Amplifier and the RA-2 Amplifier. Optimum conditions are more 

difficult to specify for galvanometer type ampufiera. As a consequence, calculation« of SNR 

using the GA-220 Amplifier and the Model 4300 GPTA were made using the conditions given 

above and ti which the total external seismon^icr damping was supplied by the amplifier input 

impedance. For these two amplifiers the seismometer damping of §J of critical was determined 

for the blocked galvanometer condition, i.e., the external damping resistance equal to the 

galvanometer winding resistance. The results of the calculations should be representative of 

thb SNR performance of these last t*o amplifiers. 

The results of the SNR calculations are showr. ,n the bar graph jf Fig. 29. Summarizing 

the results, the RA-2 Amf'ifier, the GA.22Ü and the Model 4300 OPTA used with the J-M 

seismomete   and used with the HS-10-1 seismometer have similar SNR with a lower SNR for the 

HS-10»! than for the J-M. When using the J.M seismometer the Model 4300 GPTA has a slight 

a&van»agr m SNR while for tbe HS-KM seismometer the RA.2 has a slight advantage. Using 

either seinmometer the SPA-1-1 has a somewhat poorer SNR than the other three amplifiers. 
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VL   VISUAL DITECTION OF SIGNAL IN THE PRESENCE OF NOISE 

INTRODUCTION 

In rtfder to determine the lumtmg Sensitivity o? a -ei-mu   dpreftion syHlem as imposed 

by its noise perforrnance sürne rrderia relating the minirmm detectäMä signai to the noisn must 

be used. A sU dy of the available information on this h,. jeei indicated that very little was known 

about how the eye«bram compips functions to deteet signals |s noise or what the important 

parameters affeeting the visual detection process are, Becauseof the insufficient information 

uvaiiable on this subjoef and because of its importance t« the primjuy obieetive of this contract 

a study v as undertaken to develop cnteria for the detectabihty of a signal in the presence of 

noise and to improve our understanding of the functioning of the visual detection process m 

general. 

k.   WOLFS CRITERION 

One of the very few references found in the literature on the problem of visual detection 

of a signal in noise was in a paper published by Wolf4 ll 1942. In this p-per Wolf states that 

his experience with galvanometers indicated that an rms signal to rms noise ratio (SNR) equal 

to four or five ümes is required to visually detect the signal with certomty. The ictoal number 

used by Wolf m his pa^r mm SNR = %m Since Wolfs cnt^rion has received a fair amount of 

acceptance and use m the seismic field, special consideration was §*««£ to it. 

4 series öf tests coaducted specifically using WolPs cntenon indicate that WolPs 

cntenon for detect-ability ts extremely conservative and that the visual detection process is 

more sophisticated than originally indicated by Wolf, Examples of these tests and an outline of 

the tests used were presented m Semiannual Technical Report N^o. 5. 

8.   VISUAL FILTERING IN THE DETECTION PROCESS 

Results of tests conducted and presented in Semiannual Technical Report No. i and 

other mm conducted subsequent'y indicate that the visual detection process is not very much 

different from H    aural detection process, in that both detection processes can effectively 

discriminate against unwanted signals or noise outside of some band of interest. Essentially 

this means that the eye-brain complex has the ability to filter the total signal and effectivelv 

not see or discriminate against noise with a frequency spectrum out-ide the pass-hand of this 

visual filter. Since, m the visual process as it relates to the reading of a permanent chart 

recording, the concept of time does not really exist k will be nere-sary to describe the charac- 

censtics of the visual filtering ability el tbs eye la terms of what Is actually presented to the 

*Alfred Wuif _ The LiBatmg ^sn.v.ty gf Sessnit: fetectors. J. of {«aieml gm Appi^i Geophysik, Vol. Vlti 



viewer. !.e2< displacemeni rather than ume. Thorofore Ifcä visual filter charaeterisurs will Have 

io be given in terms of evetes/mrn rathar than i vci-'S  sec, 

Quantitaüvn anaiysis of the tesü indicate teat the ability of tkm visual deternon prorpss 

to iisemmmmim ayainst Ufiwanted signals or aoise egfl b- reprrsrnfed by a filter with a gfiometm' 

Vnvnn «pnier fruqueecv of 0.2 cycles/mm and an rffeem^ bäadwldth of 1 u^ taxes, Flirthermore. 

ibr a sinusoidal signal to be dptectable sitfci    tfee bgadpass of ihe filter a signal to noise ratio 

(SNR) of 2 is required. This means, for example, thai if a rhari reeording of a 1.0 cycle/ser 

slip&l is Badt with a chart speed uf ftmm/sec, the Rffective filtenng ability of the visual deter- 

fion system can be represented by a filter with a geometru  mean eenter frequency of 1.Ö cps and 

m errective bandwidth of approximately i,i cps. 

If, for the above example, the noise is centered about 1.0 cps and has a relatively 

uniform spectral distribution, a SNR of i will be required for detectability provided the band- 

width of the noise is less than 2,5 cps. However, if the bandwidth of the noise is greater than 

2.Ö cps the required SNR for detectability will be less than 2 becauseof the ability of the eye 

to discriminate against the noise outside of the 2.5 cps range. 

In general, these results indicate that for a relatively uniform noise spectrum level and 

a signal to noise ratio of 2, (SNTR^ 2), a sinusoid will be deteetable independent of the actual 

bandwidth of the noise recorded. Therefore, for a rule of thumb type cnu ka for detectability, 

a signal to noise ratio of 2, (SNR = 2), could be used. 

C   EFFECT OF SIGNAL DURATION ON DETECTABILITY 

A series of tests was conducted using sinusoidal bursts of various durations in order 

to examine the effect of signal duration on deteetability, A sample trace similar to the traces 

used in the actual test is  shown in Fig. ;10. The operating conditions for this sample trace were 

chosen to be identical to the conditions assumed for the example given m the previous section 

of this report, i.e., a chart speed of 5 mm/sec and a test signal of 1.0 cps, A Random Noise 

Generator, bandlimited so as to have an essentially fiat spectrum level of 10 m\v\ eyrie between 

0.1 cps and 1C cps, and a 31.5 mv sinusoid were used in making the sample trace. These numbers 

were chosen so that the SNR within the 3.5 cps bandwidth of the visual filter would be equal to 

1, (SNR - 2), with sufficient noise signal existing outside the bandwidth of the visual filter to 

demonstrate the effect of the filter. The actual SNR for the trace presented in Fig. 30 is 1, 

(SNR - 1). As can be seer, from the sample trace: the signal S eyries la duration can be detected 

with a fair degree of certainty; 3 cycles is more difficult to detect; 2 -ycles, in general, is diffi- 

cult to detect; and signals 1 cycle in duration are very difficult to detect with any degree of 

certainty. 

It should be noted that for the tests with sinusoidal bursts ihn fas mitte of the test 

signals is rieimed si* br 1g equal to 0.707 tim^s the peak value of the signal, i.e., the tms 
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Value of !he Hän-i-u-j-firsi   hjiFer--   la   äsi ' &--  l-r-^«-,  -^     1   » t«a ai -MV..^ m «r/i„ra a- b.,sng «qyal m rne ffS-  value of a lontinuOüs si- 

nüHosd of the same afnpiitud«, DHfinmo fhe »==«= v=ä,iB „f = =#« ;^-i i f, stsg .,=t FSS raias -= a -wsr^uiua! nursf is necRssary because 
-f.e äetual rms Value of anv non-tenniiniifuä^ ^lanüi == ma^käi^.w;__ = ».. _        t . ,   -        —W^   i=  =-rt-iifcmaiii:Siiy  equal   «>  EefO,   iind  thlS 
particular manner of dRfininff the -lenal i= ussful K^^.^... „ s, ..= L     _i  g     -S8*4 s" - - ="5 =,^^au-e ir Hiiows Uie aetet tahiiiiv criteria 
established for continuous sinusoids to ho auülied to sinu-oäd-t U.^^^ 

The results of the actual tests conducted indicate that the criteria establ,shod for thp 

liltenng ab.lity of the v.sual detecüon system and the required *NR for detectabilitv are appli- 

cable to sinusoidal sijinals 2 to 3 cycles or greater in duration. 
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APPENDIX TO SECTION IV 

A.   THE RELATION BETWEEN COIL RESISTANCE AND GENERATOR CONSTANT 

The resistance, R^ , of the tfansducer vn-l is given by 

D an (an)" 
c- PT    p \ 

where   p = fesisiivity of the transducer coü Cöndurtor 

a - mean length of turn 

ö = numbtsr of turns 

A = cross-sectional area of the conductor 

Ve = total volunie of the conductor 

The generator constant, G. la given by 

G - Ban (Ä-2) 

where B is the air gap flux density. Co-r.bining equations (A-l) and (A-2) 

«. ■ ^  «3 CM) 

If the flux density, coil volume and conductor resistivity are kept constant as R,. is 

varied, then 

where G£i and Rcg are nominal values of generator constant and coil resistance which are usually 

available from the seismometer manufacturer. 



B.   SIGNAL VOLTAGE 

Th e Rfnunnr in whirh fhe siMmil volfage variRM as rpil ros.ef^p,^ R    ;e > -r nW  -t 

 B   " = fiBQH»^ aft« ampiiriep i« roprortucecl 

Heuhanlcai Elements 

Fig. A-l.   Electj-ical Equivalent Circuit of Seismometer and Amplifier. 

circuit the mean square signal voltage st the amplifier By straight forward analysis of thi 

terminals is given by 

/     R 
e2    = G2v2(. 

But the damping factor of the seismometer, h. may be defined by 

2^M   \n  R^Rxd;   -   ^um^Xs 

Making this substitution into Eq. (A*5) 

(A-5) 

(A-«) 

1 ^GSvs/^iiJj' 
ir?   r7~ö "s  =3 (cii^ - w")' * 4h' tu^   frf" 

(A-7) 

For notational convenience, let 

to- v- 
/    «        2 \ *      ^ t ^     §     ii 
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an square signal voitaee is given by 

7     B   ä    f cA.fli 

If fXiB damping factor and sei^moniefer reKonnnt frenuencv are fixed th= n t , (iii) |s a conRtant for 

a particular signal frequenrv. 

From Eq. (A-6) 

R    +R G- 

ieö|»-ijl 
(A-10) 

But if Uie air gap flux density and coil volume of the transducer are constant, G2 is given by 

Eq»(A*4) as 

G G- . ™iL^R 
R 

(A-ll) 

Substituting this relation into Eq. (A-10) 

R 
r GS 

xd Its  rh .h SUE 
R (A.12) 

Combining Equations (A-il) and (A-12) with Eq» (A-9) 

e1- 
G!    f     i^|i-fcjMl_l 
H Q 

CA.13) 

Tterefore, the n^an aquare signal voltage at the amplifier input terminals is directly proportional 

to Re. Eq. (A-12) shows that the total damping resisLance m also proportional to Rc. However, an 

upper limit on RX(i is reached when it becomes equal to R , the amplifier input resistance. The 

coil resistance at which this condition is reached may be obtained from Eq. (A-lä) if R .d is 

placed equal to R&. 

R 
(A-U) 



   fcütii     --_    s-C-, i3:::*7.-.    f l^uf? ^* rifv     JXj    äCIO     H CKI = = 5 Ö"31 

? if S1 S r_;-i r= ff =     K 
"    trasaoa* a , ^si äls iiSd«r {a Kt?ep rfie damping fatlnr essfääl 

i!£e m^an ^qüar«- signal voltage then hecö 

■ :■■  :.'uii in circle 

■CMiie^,. from Eü* fA«Sl 

i 
1 1.- R % R 

F-.isi R fA-15) 

But, for thi= condstion, Eq. (A-10) beromp^ 

R   - R„     R 
G1 

»* o.  R 
,(h    h„)KfR (A-lfi) 

and the signal voliage is gj  en by 

G2 R m m 
fA.1T} 

Therefore, for coil resistances h,gher than the value for which the amplifier input 

resistance alone provides the required external riairp.ng, the mean «quare signal voltage m 

inversely proportional to Rr, 

C   THERMAL NOISE AS A FUNCTION OF Rc 

Referring agair. to the equivalent circuit diagram. Fig. A-l. the thermal no.se at ihe 

input terminals of the ampler is related to the real part of the impedance between those 

terminals by the familiar Nyquist noise relation. 

e^ :    4kTRJZJdf (A*1S) 

where k   -  Boltzmann's constant 

T   =   Absolute temperafure 

The solution of the circuit for the real part of this imped 

manipulation, the result of which is 
at m impetiance involves a fair amount of algebraic 

h 



Again for noiational conveiüenre. let 

r.M 
4h- s? e3 

(oi-    ^r     ih- 
(A-20) 

At tJie seismometer resonance frequency Ff{s) 1,0.- Al ?o F2(w) Is very nearly equal to unity 

at froquencios near the setsmompfer resonance for normal-y encountered damping factors in the 

range 0.7 I© 1.0. Making this substiiuiion 

eih 
R   R   , 

4kT df —-:     x1 

R,   R xdj 
(A-21) 

Substjmting Eq. (A-12), which is valid, as before, hr values of R,, smaller than the value for which 

R . -R xd a 

S = 4kT df hh 
2^„{h-hJMR. 

6| 

G2 

i2üi„ hMR„^ h 
1 ^-2  F.,^) R,      (A-22) 

The thermal noise is, therefore, directly p-oportional to Rc for this case. 

For values of Rc. larger than Re   defined by Eq. (A-H) 

^h - 4lcT df ÜkJUJk- 
th R   .R.'.R 

C t-" R 

i- p    a   -   ft- —jtM 
R   ~R        \       h/   ' 

(A.23) 

Substituting Eq. (A-16) into this expression 

i 
e^ = 4kT df R 

g^Ch   ho)MRCQRa     [        /       h \ " I 
(A-24) ( ^K L        V       h/    -   J^ 

At frequencies near the seismometer resonance F2({ü) becomes approximately equal to umty and 

4    ^TdfRj 2wn(h-hf)MRr   R      h 

G2R h (A-2b) 

If the seismometer open-circuit damping factor hu is small 

e^    - 4kT df Ra tn » 

Therefore the mean square Ehennal noise remains essentially constait for verv- large value« 
ofRc. 
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